Abstract -We investigated the effect of electrode size, drive current, sweeping, type of polishing, and ultra-thin electrodes on the l/f or flicker frequency and phase modulation (PM) noise of quartz crystal resonators. The l/f noise of resonators with three different electrode diameters was measured and compared. The PM noise performances of all three resonator types, measured in a test oscillator, were similar with an average of -100 dBc/Hz, a variation of approximately f10 dB, and a minimum value of L(10 Hz) = -1 10 dBc/Hz. (dBc/Hz refers to dB below the carrier in a 1 Hz bandwidth.) We also found that the l/f noise in many of these resonators varied significantly (up to 10 dB) with drive current. We also had other groups of resonators made out of swept quartz bars, with a special polishing process and/or ultra-thin electrode edges. These groups yielded similar results: an average PM noise of -98
Introduction
The purpose of this study was to investigate possible causes of llf frequency and phase modulation (PM) noise in crystal resonators and the reasons for the large (unexplained) variation observed in the llf frequency and PM noise in crystal resonators of the same design. Studies of flicker frequency noise in crystal resonators by J.J. Gagnepain, et al. [l] , indicated that the l/f noise depends on the unloaded Q-factor of the resonator (S@ =l/Q4). Nevertheless, as the spread of l/f noise for resonators of the same Q is large (about a factor of loo), other factors must also contribute to the l/f noise [2] .
Another model of l/f noise in crystal resonators, proposed by F.L. Walls, et al. [3] , predicts that the l/f noise is also dependent on the electrode volume, i.e. S,@) = pv/rp". his model predicts that small electrodes yield lower l/f noise assuming all other parameters are constant. It has also been speculated that flicker frequency noise in resonators is related to energy coupling between the main mode and unwanted modes. Since the number and coupling to unwanted modes in a resonator is a function of the electrode size (the number and coupling increases with electrode size), varying the electrode size could affect the llf noise of crystal resonators.
Other factors that have been speculated to contribute to l/f noise in resonators are the presence of impurities and dislocations in the crystal, as well as surface particles, and defects which are residuals from the mechanical polishing process. For these reasons we study the effect of sweeping and the effect of removing surface particles by etching before and after the mechanical polishing process on the l/f noise of crystal resonators. We also investigate the effect of ultra-thin electrode edges. Ultra-thin gold films (10-40 nm) have been found to strongly adhere to the crystal surface when compared to the adhesion of 100 nm gold films [4] . When electrodes are deposited through a shadow mask, a very thin edge or "rim" which strongly adheres to the crystal is observed at the periphery of the electrode [4] . At the electrode edges, the film thickness does not drop abruptly to zero but decreases gradually, eventually breaking into discontinuous islands.
This edge region was suspected of being a possible noise source.
DescriDtion of the Emriment
The general characteristics of the resonators used in this study are shown in Table 1 Figure 1 shows an overview of the resonator groups used in this study. To investigate the effect of electrode size we had three groups of (12) The rest of the resonators in this study (five groups of 10-14 resonators) were made out of swept crystal bars obtained from a Werent vendor. Of these five groups, four had the medium electrode diameter, while one had the small diameter.
A special polishing technique consisting of chemical etching before and &er polishing (to minimize surface defects) was used in some of the groups, and compared with groups that were not etched after the mechanical polishing (with cerium oxide). Other groups had two-layer electrodes deposited through a shadow mask, one an ultrathin (5 nm) film of larger diameter than the thicker electrode, as shown in Fig. 2. This was done to accentuate any effects due to the thin electrode edges, although it was recognized that a 5 nm aluminum film is a poor approximation of the gold rim [4] (especially in view of the fact that a 5 nm "aluminum" film on a quartz surface consists mostly aluminum oxide). The BVA resonators of Fig. 1 are in the process of fabrication. l/f noise results and how they compare to those of electroded resonators will be published in the future.
Mode Structure for Different Electrode Diameters
The transmission function of the resonators was measured using the system shown in Fig. 3 . In this system a network analyzer is used to sweep the frequency about resonance and to obtain the transfer function of the resonator. A variable capacitor is used to cancel the holder capacitance, thus obtaining the characteristics of the resonator at series resonance.
The transfer function for small electrode, medium electrode and large electrode resonators is shown in Fig. 4 . There are large Werences in the transmission of the three resonator 
l/f Noise Measurements
In order to measure the l/f noise in the crystal resonators, the resonators were placed in a test oscillator and the PM noise of the oscillator measured. At Fourier frequencies of 5 to 100 H z , the PM noise of a 100 MHz crystal oscillator is dominated by the flicker frequency noise of the crystal resonator. In this paper we use Z(10 Hz) of the test oscillator to characterize the l/f noise in the crystal resonators. The measurement system used for measuring PM noise in the test oscillator is shown in Fig. 5 . This system uses cross-correlation to eliminate the noise of the reference oscillators and phase detectors [5, 6] In Fig. 6 we show 1(10 Hz) versus drive current for several small electrode resonators. The noise was measured at 2 mA, 2.8 mA, and 4.5 mA. The spread of the l/f noise is approximately 20 dB, the minimum being -107 dBc/Hz and the maximum approximately -90 dBc/Hz. Some resonators show a variation of up to 10 dB with drive current; in others, the noise is constant with drive current.
Curves in Fig. 6 show that the optimum current vanes with resonator. Values of f(10 Hz) for all the resonators tested are given in Table 2 , columns B and B'. The maximum and minimum values for each group are indicated in italics. In general, all groups showed a large spread of l/f noise, with the average of the best group being -100. 5 Several studies indicate that the frequency dependence on drive current (amplitude-frequency effect) is usually quadratic [7-91. The amplitudefrequency effect in the resonators used in this study and its effect on flicker frequency noise of oscillators were reported in [lo] . As indicated in [lo], amplitude noise to PM noise conversion does not limit the flicker frequency noise of 100 MHz (SCcut, 5th overtone) crystal oscillators. Nevertheless, in some cases the amplitude-frequency curve shows discontinuities or characteristics that cannot be modeled by a quadratic function. We investigated the correlation of these characteristics to the l/f noise in resonators.
The amplitude-frequency effect of the crystal resonators was measured using the system shown in Fig. 3 . In this system a network analyzer was used to sweep the power (current) at the resonant frequency of the resonator. Figure 7 shows the magnitude and phase of the transmission (S2 1) versus drive current for resonator 2 at the turnover temperature. The fractional frequency axis in the phase plot was obtained using the relation A+ = ~QLAVIV,, and assuming a loaded Q (a) of 0.4 x lo5. In this case, the drive current was swept from 0.7 mA to 5 mA. Two discontinuities or jumps (at approximately 1 mA and 2 mA) in the magnitude and phase of the transmission were observed. In an oscillator, phase changes in the loop components translate to changes in the oscillation frequency [ l l] ; therefore these jumps will af€ect the frequency of oscillation at the currents in which they occur. Discontinuities in the transmission (magnitude andlor phase) were observed in resonators from all 8 groups in Fig. 1 .
See Table 2 (columns D and D') for occurrences.
Jumps in the amplitude-frequency curve can affect the llf noise of the resonator. In Fig. 8 we show L(10 Hz) for resonator 2 as a function of current. The mows indicate the direction in which the Current was changed. A peak in 1(10 Hz) was found at Currents close to the Current at which the upper frequency jump in the transmission occurred (see Fig. 7 ). A possible explanation for the observed frequency jumps is that they are a result of coupling between the main and unwanted modes. (Coupling to unwanted modes causes the activity dips observed in the frequency versus temperature w e of some resonators [12] .) To test this theory, a variable capacitor was added in series with the crystal in Fig.  3 [ 131. When the added capacitance is varied, the resonant frequency of the main and unwanted modes changes by different amounts (the motional capacitance varies with mode, and thus the resonant frequency) [ 131. If the jumps are due to coupling to unwanted modes, we would expect to see changes in the position of the jumps (current at which they occur) [ 131. The load capacitor was changed from 2 pF to 20 pF and no changes in the position of the jumps were observed.
The variation of the jump position with temperature was also investigated. Figure 9 shows the dependence of the jumps observed in resonator 2 with temperature. Trace 1 refers to the lower jump and trace 2 refers to the upper jump. The data indicates that the dependence of the jump position with temperature is roughly linear, and the slope varies for different jumps. Jump position and characteristics in some resonators were also a!€ected when resonators were baked at 100 "C for several days. A possible explanation for the temperature dependence are stresses due to a thermal expansion coefftcient mismatch, e.g. between the mounting and the quartz plate. If this is the proper explanation then BVA resonators might not show these discontinuities. The position of the jumps was also affected when the resonator was driven at high currents.
In Fig. 10 , trace "Initial" shows the initial transmission (magnitude) across resonator
4.
A current of approximately 10 mA at resonance was applied across the resonator for about 10 minutes. The magnitude of the transmission was then remeasured ("High" t race, Fig. 10 ). The position of the jumps changed: jump 1 went from 1.5 mA to 1.35 mA, jump 2 went from 2.5 mA to 1.8 mA. The results discussed above indicate that the jumps observed are not due to coupling to unwanted modes, but are probably due to stresses or noisy contacts in the crystal resonator (14,151.
Discussion and Conclusion
l/f noise in all the resonator groups we tested showed a large spread (about 20 dB). The best value measured was 1(10 Hz) = -1 10 dBc/Hz and was obtained for resonators of all three electrode sizes. It is possible that this value is limited by the noise in the electronics of the test oscillator. The possible dependence of PM noise on the electrode volume was dif€hlt to analyze due to the large variation in l/f noise and the limited number of samples. The median value of the l/f noise for the 12 unswept large electrode resonators was -97.7 dBc/Hz. For the 12 unswept medium electrode resonators it was -101.6 dBc/Hz, and for the 12 small electrode resonators it was -103.1 d I 3 c f i . These results are suggestive but certainly not definitive due to the small number of samples. This seems to indicate that jumps observed in the transmission curve are an indication of internal problems in the crystal which lead to poor l/f noise. Some of the resonators showed a large variation in l/f noise with current.
The reason for this behavior is not clear, although it could be related to the jumps observed in the transmission of some resonators or to self heating of the resonators at high currents. In addition, we observed that in some resonators the frequency versus amplitude curve did not follow the general quadratic dependence. These resonators also show poor l/f noise: the average . !(l 0 Hz) for resonators with smooth quadratic curves was -100.1 dBc/Hz compared to an average of -94 dBc/Hz for resonators showing jumps andor nonquadratic dependence on frequency with drive current. This indicates that characteristics of the amplitude-frequency curve of crystal resonators might help identify resonators with internal problems and high l/f noise.
